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 The primary purpose of this work was to evaluate the capability of nanoparticles 
to transform electromagnetic energy at microwave frequencies into therapeutic heating.  
Targeted nanoparticles, in conjunction with microwave irradiation, can increase the 
temperatures of the targeted area over the peripheral region.  Therefore, to become 
clinically viable, microwave absorbing nanoparticles must first be identified, and a 
system to monitor the treatment must be developed. 
 In this study, ultrasound temperature imaging was used to monitor the 
temperature of deep lying structures.  First, a material-dependent quantity to correlate 
the temperature induced changes in ultrasound images (i.e. apparent time shifts) to 
differential temperatures was gathered for a tissue-mimicking phantom, porcine 
longissimus dorsi muscle, and porcine fat.  Then microwave nanoabsorbers were 
identified using an infrared radiometer.  The determined nanoabsorbers were then 
injected into ex-vivo porcine longissimus dorsi muscle tissue.  Ultrasound imaging 
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frames were gathered during microwave treatment of the inoculated tissue.  Finally, the 
ultrasound frames were analyzed using the correlation between temperature and 
apparent shifts in ultrasound for porcine muscle tissue.  The outcome was depth-
resolved temperature profiles of the ex-vivo porcine muscle during treatment. 
 The results of this study show that magnetite is a microwave nanoabsorber that 
increases the targeted temperature of microwave hyperthermia treatments.  Overall, 
there is clinical potential to use microwave nanoabsorbers to increase the efficiency of 
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Chapter 1:  Introduction 
Despite tremendous monetary investment and research efforts, cancer remains 
the second leading cause of death in the United States with 1 in 2 men and 1 in 3 
women at risk of contracting the disease during their lifetime [1].  Between 1996 and 
2004 the 5-year relative survival rate for all diagnosed cancers is 66%, up from 50% in 
1975-1977.  This is primarily due to the advancements in early stage detection [1].  
During the late 1970‘s through the early 1980‘s a cancer ablation technique that 
involves elevating tissue temperatures above 42˚C was widely explored.  The research 
of this form of therapy, known as hyperthermia, peaked due to an inability to 
noninvasively focus heat exclusively to the tumor.  Focusing heat is important because 
of the how hyperthermia effects cells.  In the temperature range of hyperthermia, all 
cells are not instantly destroyed; rather, the proportion of cells destroyed depends on 
treatment duration, treatment temperature, cancer cell line, and micro-environmental 
factors [2]. 
Several treatment modalities exist in cancer hyperthermia therapy, such as: high 
intensity focused ultrasound (HIFU), photothermal, whole body, radiofrequency (RF) 
therapy, and microwave therapy.  HIFU utilizes high intensity ultrasound transducer to 
thermally induce cell death by mechanical movement of the focal zone [3].  Due to the 
conical nature of acoustic focus, there are spatially large temperature gradients when 
treating deep structures.  Another problem with HIFU is that it must utilize imaging to 
guide therapy.  Photothermal therapy utilizes lasers to achieve hyperthermia conditions.  
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With the recent addition of targeted nanoparticles, the laser energy can primarily be 
focused at the cancer without the need of imaging [4-7].  However, maximal treatment 
depths are limited to around 1 cm [4,8].  Whole body hyperthermia is the elevation of 
the entire body temperature to treat cancer.  This technique and can treat deep seated 
cancers.  On the other hand, neuronal tissue damage, splanchnic dilation, hypotension, 
circulatory shock, and dehydration can occur with this technique [9,10].  RF and 
microwave therapy utilize non-ionizing electromagnetic radiation, usually above 
audible frequencies (>20 kHz) to 100 GHz.  RF and microwave therapy have proven 
effective with minimal complications for several types of cancers [11-15].  In addition, 
RF therapy can treat deep seated cancers due to minimal attenuation in the body.  
Microwave catheters allow for treatment of deep seated cancers with minimal invasion.  
However, RF and microwave therapy both utilize either proximal placement of 
applicators or electromagnetic property differences between cancerous and normal 
tissues to induce targeted ablation. 
Ideally, hyperthermia therapy will involve non-invasive, non-ionizing 
application of heat at any depth of the body with minimal normal tissue heating.  
Therefore, coupling targeted RF or microwave absorbing nanoparticles with an applied 
RF or microwave field will allow for focused energy deposition.  RF and microwave 
energy can be focused or redirected by using materials that absorb the electromagnetic 
energy [16-18].  This phenomenon could not be exploited in RF and microwave 
hyperthermia until the recent fabrication of nanoparticless.  Nanoparticles are widely 
used in medicine today, primarily in the field of medical imaging.  MRI utilizes targeted 
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iron-oxide nanoparticles to provide contrast in tissue structures.  Nanoparticles are also 
currently used in drug delivery, tissue engineering, and cell separation.  In addition, 
medical research involving nanoparticles has extended to ultrasound imaging, 
radiographic imaging, optical imaging, bio-detection, and hyperthermia, just to name a 
few [19].   
1.1  Cancer 
 Cancer is a general term referring to the abnormal growth of cells.  Cancer often 
arises due to genetic changes or damage to a chromosome within a cell.  These 
mutations can be caused by improper cell division, bacteria, radiation, certain hormones 
and drugs, viruses, etc [20].  The mutated gene sends an incorrect message that causes 
the cell to grow rapidly until a lump forms.  Uncontrolled rapid cell growth is unlike 
normal rapid cell growth because genes do not exist to tell the mass to stop growing.  
Cancerous masses inhibit normal physiological function through direct or indirect strain 
on a process. 
 Cancers usually grow from a single site, known as a primary site.  Therefore, 
cancer usually spreads because small fragments of cancerous cells are cast from the 
primary site and travel to other parts of the body (metastasis).  One process of cancer 
spread is known as direct extension.  As tumor masses grow, it invades the organs and 
adjacent tissues.  Another process of cancer spread is through the blood.  The 
circulatory system extends throughout the body and is a prime transportation system to 
allow metastasis.  The final means for cancer metastasis is through the lymphatic 
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system.  Like the circulatory system, the lymphatic system extends throughout the body 
and can easily distribute cancer cells. 
 There are four different types of tumors:  carcinomas, sarcomas, lymphomas, 
and leukemias.  Carcinomas develop in tissues that cover the surface or line internal 
organs and passageways [20].  Most carcinomas develop in organs that are involved in 
secretion (lungs, breasts, pancreas, etc.).  Sarcomas develop in any supporting or 
connective tissues (muscles, bones, nerves, tendons, or blood vessels) [20].  
Lymphomas develop in lymph glands and are usually always malignant [20].  
Leukemias are cancers of the white blood cells and plasma cells [20]. 
1.2  RF/Microwave Heating in Living Systems 
 Electromagnetic (EM) waves within the 1 MHz to 100 GHz spectrum have 
special biological significance since they can readily be transmitted through, absorbed 
by, and reflected at biological tissue boundaries [21].  The primary mechanism of RF 
and microwave power on biological tissues is the transformation of the introduced 
electromagnetic energy into increased kinetic energy within the absorbing molecules, 
thereby heating the tissues [21].  The heating results from ionic conduction and 
movement of the dipole molecules, such as water.  The amount of heating depends on 
many factors, such as:  tissue perfusion, tissue geometry, tissue dielectric properties, 
tissue heat transfer properties, source frequency, source power, applicator configuration, 




1.2.1 Attenuation of Electromagnetic Waves in Tissue 
 One aspect of EM wave propagation in tissue is the attenuation of energy with 
depth.  For propagation in a homogeneous complex lossy media (energy absorbing 
dielectric), Maxwell‘s equations reduce to the vector Helmholtz equations: 
  ∇2𝐸 − 𝛾2𝐸 = 0,       (1.1) 
 ∇2𝐻  − 𝛾2𝐻  = 0,       (1.2) 
where 𝐸  is the electric field, ∇2 is the Laplacian operator, and 𝛾 is the complex 
propagation constant 𝛾 = 𝛼 + 𝑗𝛽, where 𝛼 is the attenuation coefficient and 𝛽 is the 
phase coefficient.  The attenuation and phase coefficients are defined as: 
 𝛼 = 𝜔 𝜇∗ ∗  
1
2





− 1  
1
2
,     (1.3) 
 𝛽 = 𝜔 𝜇∗ ∗  
1
2





+ 1  
1
2
,     (1.4) 
where 𝜔 is the angular frequency 2𝜋𝑓, 𝜇∗ is the complex magnetic permeability 
𝜇∗ = 𝜇0𝜇𝑟
′ − 𝑗𝜇0𝜇𝑟
′′ , 𝜇0 is the magnetic permeability in free space 4𝜋 𝑥 10
−7 𝐻
𝑚
, ∗ is the 
complex electrical permittivity ∗ = 0 𝑟
′ − 𝑗 0 𝑟
′′, 0 is the electrical permittivity in free 
space ~8.854 𝑥 10−12
𝐹
𝑚
, and 𝜍𝑒𝑓𝑓  is the effective conductivity 𝜍 + 𝜔
′′.  For biological 
tissues the imaginary portion of the magnetic permeability is negligible.  However, due 
to polar protein molecules and the polar nature of water, the imaginary portion of the 
electrical permittivity, also known as known as the dielectric losses, is a major source of 
heating at RF and microwave frequencies. 
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 Revisiting the Helmholtz equations (1.1) and (1.2) for a uniform plane wave 
with the electric field is polarized in the x-direction, the magnetic field is in the y-
direction, and the propagation is in the z-direction, solutions are the following: 
 𝐸𝑥 𝑧, 𝑡 = 𝐸𝑥
+
0
𝑒−𝛼𝑧 cos 𝜔𝑡 − 𝛽𝑧 + 𝐸𝑥
−
0
𝑒+𝛼𝑧cos⁡(𝜔𝑡 + 𝛽𝑧),  (1.5) 
 𝐻𝑦 𝑧, 𝑡 = 𝐻𝑦
+
0
𝑒−𝛼𝑧 cos 𝜔𝑡 − 𝛽𝑧 − 𝐻𝑦
−
0
𝑒+𝛼𝑧cos⁡(𝜔𝑡 + 𝛽𝑧), (1.6) 
where the + superscript denotes forward propagating fields and the – superscript 
denotes backward propagating fields.  The electrical permittivity ∗ and the magnetic 
permeability 𝜇∗ are frequency-dependent, as shown by Debye in 1923 [22].  Therefore, 
the attenuation is frequency dependent.  For forward propagating fields, the most 
common case, the attenuation of energy follows an 𝑒−𝛼𝑧  relationship.  The nature for 
this pattern of energy loss in tissue is shown in Figure 1.1.   
 




1.2.2 Reflection of Electromagnetic Waves in Tissue 
 Since fat, muscle, bone, brain, skin, etc. have different electrical and magnetic 
properties, general reflections between various tissue interfaces will occur when 
exposed to RF/microwave waves.  The characteristic impedance of a medium is: 
 𝜂 =  
𝑗𝜔 𝜇 ∗
𝜍+𝑗𝜔 ∗
.        (1.7) 

















.      (1.8) 
If a uniform plane wave is propagating in one medium (1) and encounters a second 
medium (2), then the total field in medium 1 is the sum of the incident and reflected 
waves: 
 𝐸 1 𝑧,𝜔 = 𝐸𝑖 𝑒
−𝑗𝛽1𝑧 + Γ𝑒+𝑗𝛽1𝑧 𝑎 𝑥 ,    (1.9) 
 𝐻  1 𝑧,𝜔 =
𝐸𝑖
𝜂1
 𝑒−𝑗𝛽1𝑧 + Γ𝑒+𝑗𝛽1𝑧 𝑎 𝑦 ,    (1.10) 
where 𝐸𝑖  denotes  the electric field strength of the incident wave and the electric field 







,       (1.11) 
where Er  is the electric field strength of the reflected wave.  The transmitted wave in 
medium 2 is: 
 𝐸 2 𝑧,𝜔 = 𝐸𝑖𝑇𝑒
−𝑗𝛽2𝑧𝑎 𝑥 ,      (1.12) 
 𝐻  2 𝑧,𝜔 =
𝐸𝑖
𝜂2
𝑇𝑒−𝑗𝛽2𝑧𝑎 𝑦 ,      (1.13) 









,       (1.14) 
where Et is the electric field strength of the transmitted wave.  When a large reflection 
coefficient exists, such as between low water content tissue and high water content 
tissue (fat to water interface), the wave is reflected nearly 180˚ out of phase with the 
incident wave [21].  This can produce a standing wave, as shown in Figure 1.2, where 
the relative absorbed power follows a non-predictive pattern in the fat layer. 
 
Figure 1.2:  Relative absorbed power density patterns in plane fat and muscle layers exposed to plane 
waves [21]. 
 






1.2.3  The Poynting Power Theorem 
 Heat generation in tissues due to electromagnetic irradiation is characterized by the 
Poynting Power Theorem.  This theorem includes the effects of both displacement current and 
magnetic induction.  In the frequency domain, the local power density in a propagating wave is 
represented in the Poynting vector: 
 𝑆  𝜔 =
1
2
 𝐸  𝜔 × 𝐻  ∗ 𝜔  ,      (1.15) 
where the * indicates the complex conjugate of 𝐻  .  Therefore, the magnitude of absorption is: 
 −∇  ∙ 𝑆  𝜔 ≈  𝜍 + 𝜔 ∗  𝐸  
2
+ 𝑗𝜔𝜇∗| 𝐻   
2
.    (1.16) 
where the negative sign indicates that power is absorbed from the electromagnetic field.  
Heating from electromagnetic irradiation of tissue is given by the real part of equation (1.16): 
 𝑄𝑔𝑒𝑛 = 𝑅𝑒 −∇  ∙ 𝑆  𝜔  ≈  𝜍 + 𝜔
′′   𝐸  
2
+ 𝜔𝜇′′ | 𝐻   
2
.   (1.17) 
𝑄𝑔𝑒𝑛  is the source term in the bioheat energy balance, as shown in the following section. 
1.3  Damage Assessment 
 The ability to correlate treatment temperature and treatment duration to cell 
death is important in any form of hyperthermia therapy.  A quick treatment at high 
temperatures will yield the same number of dead cells as a long treatment at low 
temperatures.  This concept is shown in two damage assessments:  the Arrhenius 
reaction kinetics model and the cumulative equivalent minutes at 43˚C model.  Before 
achieving a quantitative measurement of cell death, knowledge of heat transfer in 




1.3.1  Heat Transfer in Tissues 
 One of the most fundamental laws of nature is the First Law of 
Thermodynamics, also known as the conservation of energy.  This law states that during 
an interaction, energy can change from one form to another but the total energy remains 
constant  𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 + 𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 0  [24].  This law is very important in hyperthermia 
because the conservation of energy allows for a quantitative measure of heat in tissues.  
Harry H. Pennes‘ paper titled ―Analysis of tissue and arterial blood temperatures in the 
resting human forearm‖ detailed an early attempt to adapt the First Law of 
Thermodynamics [25].  Pennes‘ principal theoretical contribution was his method to 
simplify the mass heat transport performed by blood [26].  This relationship is as 
follows: 
 𝑕𝑏 = 𝑤𝜌𝑏𝐶𝑏 1 − 𝜅 (𝑇𝑎 − 𝑇),     (1.18) 
where 𝑕𝑏  is the rate of heat transfer per unit volume of tissue, 𝑤 is the perfusion rate per 
unit volume of tissue, 𝜌𝑏  is the density of blood, 𝐶𝑏  is the specific heat of blood at 
constant volume, 𝜅 is a factor that accounts for incomplete thermal equilibrium between 
blood and tissue, 𝑇𝑎  is the arterial blood temperature, and 𝑇 is the local tissue 
temperature [26].  Pennes assumed that 0 ≤ 𝜅 ≤ 1; however, he set 𝜅 = 0 when he 
computed his theoretical curves, as have most subsequent investigators [26].  Using 




= ∇ ∙  𝑘𝑡∇𝑇 + 𝑄𝑔𝑒𝑛 + 𝑄𝑚𝑒𝑡 + 𝑤𝜌𝑏𝐶𝑏(𝑇𝑎 − 𝑇),  (1.19) 
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where the subscript 𝑡 represents tissue, 𝑘𝑡  is the thermal conductivity of the tissue, and 
𝑚 is the mass of the control volume. 
1.3.2  Arrhenius Reaction Kinetics 
 Moritz and Henriques produced a series of papers in the American Journal of 
Pathology in 1947 titled ―Studies of Thermal Injury‖ which characterized kinetic 
models for irreversible thermal alterations in human and porcine skin [27-29].  Their 
seminal work is often used as the basis for numerical studies of tissue damage [30].  
This model calculates a non-dimensional parameter, Ω, which is a logarithmic 
proportion of damaged cells: 
  Ω τ =  Ae
 −
E a





= ln  
𝐶 0 
𝐶 𝜏 
 ,     (1.20) 
where 𝐴 is a measure of the effective collision frequency between reacting molecules in 
bimolecular reactions in 𝑠−1, 𝐸𝑎  is the activation energy barrier that molecules must 
surmount to transform from the native to damaged state in 
𝐽
𝑚𝑜𝑙𝑒




, 𝑇 is the temperature in 𝐾, 𝐶 0  is the initial concentration of 
undamaged molecules, and 𝐶 𝜏  is the concentration of damaged molecules [30].  
Values for 𝐴 and 𝐸𝑎  for various tissues have been proposed by several investigators 
[30-59].  At any time during the heat exposure, the probability of damaged proteins can 
be predicted from: 
 𝑃 % = 1 − 𝐶 𝜏 = 100 1 − 𝑒−Ω .     (1.21) 
12 
 
Since denatured protein molecules can equate to dead cells, the equations (1.20) and 
(1.21) can provide a basis to predict cell death. 
1.3.3  Cumulative Equivalent Minutes at 43˚C (CEM 43) 
 CEM 43 is a thermal dose measure to correlate the synergism between treatment 
temperature and treatment duration.  The significance of 43˚C is that this is an 
experimental break point temperature in cell survival studies, above which the surviving 
fraction of cells decrease significantly [31].  This break point is illustrated in Figure 1.3. 
 
Figure 1.3:  Survival curves for Chineses hamster ovarie cells (CHO) [31]. 
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The physical significance of 𝐷0 is that it is the time at which Ω = 1, or the surviving 
fraction of cells is 𝑒−1 times as small from the original number. 
 Utilizing curves like that shown in Figure 1.3, CEM 43 can be calculated from 
the following relationship: 
 𝐶𝐸𝑀 43 =  𝑅 𝑇𝑏𝑟𝑒𝑎𝑘 −𝑇 𝑡  𝑑𝑡
𝜏
0
,     (1.22) 
where 𝑅 is a parameter characterizing the damage accumulation, 𝑇𝑏𝑟𝑒𝑎𝑘  is the break 
point  (most commonly 43˚C), 𝑇(𝑡) is the tissue temperature at time 𝑡, and 𝜏 is the total 
treatment time [30].  𝑅 can be determined from the following relationship [30]: 
 ln R =
ln  




.       (1.23) 
From Figure 1.3, it is obvious that 𝑅 will have two different values, one value for 
temperatures above the break point and another for values below the break point.  
Typical values for R are around 0.25 for temperatures less than 43˚C and 0.5 for 
temperatures greater than 43˚C [31]. 
1.4  Treatment Monitoring 
 Much like radiotherapy, a successful hyperthermia treatment must rely on the 
ability to monitor dosimetry.  Instead of controlling dosimetry with total exposure time, 
RF/microwave therapy relies on the ability to monitor tissue temperatures.  One 
approach is to invasively implant a temperature sensor such as an optical probe 
thermometer.  Thermocouples and thermisitors cannot be used with RF/microwave field 
exposures because their metallic construction absorbs the EM energy and changes the 
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temperature distribution within the tissue.  Several noninvasive temperature monitoring 
modalities exist, such as infrared cameras, magnetic resonance imagers (MRI‘s), and 
ultrasound imagers.  Infrared cameras are often used for surface imaging because of the 
depth-limited (~25 µm) emission of infrared energy in biological tissues [60].  MRI 
tomography temperature monitoring (MRT) provides excellent resolution and can 
image deep-seated structures; however, the high cost associated with MRI and the bulky 
equipment hinders patent accessibility [2].  On the other hand, ultrasound temperature 
monitoring has less associated cost and can image deep-seated structures.  In addition, 
thermal ultrasound imaging has been shown to measure temperature changes of less 
than 1˚C with a spatial resolution similar to diagnostic ultrasound imaging [61,62]. 
1.4.1  Ultrasound Imaging 
 Ultrasound imaging utilizes pressure waves to characterize spatial locations, 
mechanical properties, and physiological function of subcutaneous anatomy.  Most 
modern ultrasound imaging scanners transmit an ultrasound pulse, usually at 3-15 MHz, 
into the body using a piezoelectric transducer array.  The pressure wave then interacts 
with the tissues and some of the acoustical energy is reflected back to the transducer.  
This backscattered energy is converted to an electrical signal.  Using the time delays in 
the backscattered pulses, the position of the subcutaneous structures can be determined. 
 Deep tissue temperatures can be monitored using ultrasound imaging by 
tracking the thermal-motion of speckle [62-67].  This thermal-motion, or apparent time 
shift, is primarily caused by the temperature dependency of the speed of sound of tissue, 
15 
 
while the thermal expansion is negligible for temperatures below 60˚C [68].  The spatial 
location in ultrasound images is dependent on the speed of sound, and for a 
homogeneous medium, the time of echo is given by: 
 𝑡 𝑇 =
2𝑧
𝑐 𝑇 
,        (1.24) 
where 𝑡 is the time delay of echo from the scatterer at position 𝑧 with a temperature of 𝑇 
and 𝑐(𝑇) is the temperature dependent speed of sound of the medium. 
 If the temperature of the medium is increased by ∆𝑇, then there is an apparent 
time shift in the ultrasound signal due to the combined effects of the temperature 
dependent speed of sound and the thermal expansion of the tissue.  For a homogeneous 
medium, new time of echo is expressed as: 
 𝑡 𝑇0 + ∆𝑇 =
2𝑧 1+𝛼∆𝑇 
𝑐 𝑇0+∆𝑇 
.      (1.25) 
where 𝛼 is the linear coefficient of thermal expansion.  Apparent time shifts, ∆𝑡, are 
primarily dependent on the speed of sound and thermal expansion is negligible below 
60˚C [68].  Therefore, the apparent time shift becomes: 






 .   (1.26) 
 Due to the ∆𝑡 dependency on depth, a deep lying structure will experience a 




Figure 1.4:  Temperature increase (∆𝑻) causes apparent time shifts (∆𝒕𝟏 and ∆𝒕𝟏 + ∆𝒕𝟐) in the ultrasound 
echo captured at elevated temperature (𝑻𝟎 + ∆𝑻) [69]. 
 
The spatial dependence of ∆𝑡 can be removed by differentiating along the axial 
direction.  Thus, the differential temperature can be characterized with the following 
relationship: 
 ∆𝑇 = 𝑘
𝑑 ∆𝑡 
𝑑𝑡
,        (1.27) 
 where 𝑘 is a material dependent property that is found experimentally and 
𝑑 ∆𝑡 
𝑑𝑡
 is the 
spatial gradient of ∆𝑡 and is known as the normalized time shift [69]. 
1.5  Nanoparticles 
 Typically, nanoparticles (NPs) are defined as microscopic particles between 1 
and 100 nm, or up to 1 µm as some investigators suggest.  Nanoparticulate delivery 
systems in RF/microwave therapy can provide increased thermal absorption in cancers 
with reduced risk.  For example, NPs less than 20 nm in size are able to pass through 
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blood vessel walls; thus, allowing for intravenous injections as well as intramuscular 
and subcutaneous applications [70].  In addition, the scale of NPs allows for interactions 
with biomolecules on the cell surfaces and within the cells, which do not necessarily 
alter the behavior and biochemical properties [70].  NPs can be targeted to seek cancer, 
thus aiding in the delivery of RF/microwave energy [70]. 
1.5.1  Electric Losses 
 One mode of RF/microwave energy conversion by NPs is Joule heating.  Joule 
heating, also known as Ohmic heating or resistive heating, is caused by electron 
interactions with atomic ions that form the body of a conductor.  Each electron/ion 
interaction causes electron kinetic energy loss in the form of heat dissipation.  Joule 
heating is proportional to the power across a conductor: 
 𝑄𝑔𝑒𝑛 = 𝜍𝑒𝑓𝑓  𝐸  
2
.       (1.28) 
When nanoparticles with high electrical conductivities are placed in tissues, they direct 




Figure 1.5:  Electric field lines for a particle embedded within a uniform medium with σparticle>>σmedium. 
 
Several investigators suggest that capacitively coupled nanoparticles induce heating of 
the surrounding tissue through thermal diffusion [71-73].  Although some Joule heating 
does occur within the particle, the primary source of tissue heating is from the Joule 
heating of the tissue itself.  This is due to both the concentration of field around the 
particle and the substantially smaller electrical conductivity of the tissue. 
1.5.2  Magnetic Losses 
 Magnetic heating usually utilizes magnetic oxides, such as iron oxides, because 
of their proven biocompatibility and significant energy dissipation when exposed to an 
alternating magnetic field [74].  The energy dissipation is either due to the loss 
processes during the reorientation of the magnetization or frictional losses if the particle 
can rotate in an environment of sufficiently low viscosity [74].  Losses due to 
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magnetization reorientation in ferro- and ferrimagnetic particles depend on the type of 
remagnetization process (wall displacements or several types of rotational processes) 
[73].  These are due to the intrinsic magnetic properties like magnetocrystalline 
anisotropy and exchange coupling constant (size, shape, microstructure, and grain size).   
A.  Néel Relaxation 
 Single domain (one grain structure) ferrous particles are superparamagnetic 
because by definition, each particle is a single magnetic domain.  When single domain 
particles are exposed to alternating magnetic fields, one form of energy loss is due to 
the collective rotation of atomic magnetic moments within each particle.  This 
phenomenon is known as Néel relaxation and is due to the energy barrier for 
magnetization reorientation, which is determined by the magnetocrystalline anisotropy 
[75].  Losses arising in superparamagnetic particles originate because there are only two 
metastable antiparallel orientations of the particle‘s magnetic moment 𝑚.  The two 
corresponding energy levels are separated by an energy barrier due to the anisotropy 
energy 𝐾𝑉 (𝐾 is the anisotropic energy density, 𝑉 is the particle volume).  Assuming a 
high energy barrier compared to the observed macroscopic energy, 𝐾𝑉 ≫ 𝑘𝑏𝑇 (𝑘𝑏  is 
the Boltzmann constant, 𝑇 is temperature), the relaxation time, 𝜏, of the entire particle 


















 The volumetric power dissipation in an alternating magnetic field of amplitude 
𝐻 and frequency 𝑓 is: 
 𝑄𝑁𝑒é𝑙 = 𝜋𝑓𝜇0𝐻
2𝜒′′,       (1.30) 
where 𝜇0 is the magnetic permeability of free space and 𝜒′′ is the imaginary part of the 
magnetic susceptibility 𝜒 [76].  In the Debye model, the magnetic susceptibility for 




 1+ 𝑖𝜔𝜏  2 
𝜒0,       (1.31) 
where 𝜒0 is the static susceptibility and can be approximated by a Langevin relationship 
for small field amplitudes [75]: 
 𝜒0 = 𝜒𝑖
3
𝜉
 coth 𝜉 −
1
𝜉
 , 𝜉 =
𝜇0𝑀𝑑𝐻𝑉
𝑘𝑏𝑇
,    (1.32) 
where 𝜉 is the Langevin parameter, 𝜒𝑖  is the initial susceptibility, and 𝑀𝑑  is the domain 





,        (1.33) 
where  𝜌 is the weighted density of the particle material and 𝑐𝑝   is the weighted specific 
heat capacity. 
B.  Brownian Relaxation 
 Brownian relaxation in can occur in single domain particles in an alternating 
magnetic field when the magnetic moment direction is strongly coupled to the particle‘s 
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geometry.  That is, a large value of the intrinsic magnetic anisotropy combined with 
easy particle reorientation due to a low viscosity η of the medium surrounding the 
particle [78].  For particles with a hydrodynamic radius of 𝑟𝑕 , the Brownian relaxation 





.        (1.34) 
Since Néel and Brownian relaxations occur in parallel (Figure 1.6), the effective 
relaxation time is given by: 








.       (1.35) 
The effective relaxation time can be used in equation (1.31) for the calculation of the 
power dissipative losses. 
 
Figure 1.6:  (a) Neél rotation of magnetization in a magnetic particle (the particle does not rotate); (b) 
Brownian rotation of the particle (the particle physically rotates) [75]. 
 
C. Magnetic Hysteresis 
 In multidomain (multiple grain structures per particle) ferro- and ferrimagnetic 
nanoparticles exposed to alternating magnetic fields, heating is dominated by hysteresis 
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losses.  Each particle contains several subdomains (grain structures), each of which 
have their own definite magnetic dipole orientation.  As the field is applied to a particle, 
the subdomain with magnetization direction along the magnetic field is amplified, while 
the others shrink.  This phenomenon is known as domain wall displacements and is 
shown in Figure 1.7. 
 
Figure 1.7:  Hysteresis cycle of a multidomain magnetic material (H is the magnetic field amplitude, M is 
the magnetization of the material) and domain wall displacement in such a material (squares symbolize 
multidomain material, with magnetization of each domain; arrows on the cycle indicate the way the cycle 
is described when increasing or decreasing the field amplitude) [75]. 
 
Due to irreversibility of this process - magnetization curves for increasing and 
decreasing magnetic field amplitudes do not coincide - the material exhibits hysteresis.  
The energy loss due to hysteresis in an alternating magnetic field is released as heat, and 
can be quantified as the area within the hysteresis loop, as shown in Figure 1.7. 
Although several models do exist to predict hysteresis losses of ferrous particle 
suspensions [78-82], experimental measurements of the hysteresis loops are best 
because of the variability in the resultant particle magnetization. 
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 When multidomain materials are subjected to a magnetic field, material 
becomes magnetic.  This is shown in the hysteresis cycle when the magnetic field 𝐻 is 
reduced to zero.  This offset is known as the remanent flux density or remanence, 𝐵𝑅.  
The amount of magnetic field to cause the material to become nonmagnetic is known as 
coercivity, 𝐻𝑐 .  Remanence and coercivity are shown in Figure 1.7.  An estimate of the 
amount of heating due to hysteresis losses is: 
 𝑄𝑕𝑦𝑠𝑡 ≈ 𝜔𝐵𝑅𝐻𝐶.       (1.33) 
Hysteresis losses generally occur with large nanoparticle due to the lack of an annealing 
process in the nanoparticle fabrication.  Annealing allows multiple grain structures to 
merge into one subdomain.  The power losses due to Neél relaxation and hysteresis 
versus particle size for magnetite are shown in the following figure. 
  
Figure 1.8:  Dependence of magnetic loss power density on particle size for magnetite with a frequency 





1.6  Organization of Thesis 
 The aim of the research described in this thesis is to prove that nanoparticles can 
enhance the efficiency of RF/microwave hyperthermia.  This is shown by comparing 
the temperature of an inoculated region with a normal region.  Temperature acquisition 
was accomplished by ultrasound temperature imaging.  This work is documented into 
three chapters. 
 Chapter 2 describes pre-planning of ultrasound temperature imaging for 
RF/microwave hyperthermia therapy planning and guidance.  The temperature 
dependence of time shifts for gelatin based phantoms, as well as porcine tissues were 
found.  These shifts were then used to calculate the material dependent property, k, 
from equation (1.27) for gelatin and ex-vivo porcine tissue. 
Chapter 3 describes RF/microwave nanoparticle absorbers.  RF/microwave 
absorbers were selected from a broad array of different nanoparticle types.  The selected 
nanoparticle type was then used in an ex-vivo study.  RF/microwave therapy with the 
selected nanoabsorbers was monitored using ultrasound temperature imaging. 
 Chapter 4 summarizes the results of this work and draws conclusions.  In 
addition, limitations and recommendations of future work are described. 
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Chapter 2:  Ultrasound Temperature Monitoring 
2.1  Introduction 
Several ultrasound methods have been proposed to estimate temperature, such as 
monitoring attenuation [1], backscattered power [2], and propagation speed [3].  
Thermal expansion has also been investigated in conjunction with propagation speed; 
however, between 37˚C and 60˚C the propagation speed dependency in ultrasound 
imaging with temperature is far more significant when compared to thermal expansion 
[4].  In addition, attenuation and backscattered power dependencies on temperature are 
far less significant than the propagation speed.  Most of the underlying fundamentals of 
propagation speed temperature tracking with ultrasound were covered in Section 1.4 of 
Chapter 1. 
Notice that equation (1.27)  ∆𝑇 = 𝑘
𝑑 ∆𝑡 
𝑑𝑡
  has a material dependent quantity.  
This quantity describes the dependence of the speed of sound with temperature, as 






  .  The speed of sound in defined 
by the following relationship: 
 𝑐 𝑇 =  
𝐵 𝑇 
𝜌 𝑇 
,        (2.1) 
where 𝐵 is the bulk modulus of the medium and 𝜌 is the density of the medium.  Tables 
of the bulk modulus and density versus temperature are widely available in material 
property references for several materials.  For example, using the volume properties of 
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water from the CRC Handbook of Chemistry and Physics [5], the following curves are 
generated for the speed of sound, density, and bulk modulus versus temperature. 
 
Figure 2.1:  Normalized speed of sound (c), density (ρ), and bulk modulus (B) on the left; speed of sound 
on right; values of water taken from [5]. 
 
Most tissues of the body have a speed of sound that behaves in the same pattern as 
water (Figure 2.2).  However, fat has low water content compared to other tissues and 
the speed of sound behaves as shown in Figure 2.3. 
 
 
Figure 2.2:  Speed of sound versus temperature for various tissues [6]. 






































































Figure 2.3:  Speed of sound versus temperature for peritoneal fat taken from [7]. 
This chapter gives experimentally acquired k values for gelatin phantoms and 
ex-vivo porcine tissues.  Phantoms were made from porcine gelatin that closely mimic 
water-based tissues.  In addition, the ex-vivo porcine muscle and porcine fat were 
studied.  Ultrasound imaging frames were acquired every 0.5˚C increase for each 
sample.  The material dependent k values were calculated from temperature changes 
within the 15˚C to 25˚C temperature range.  The assumption of linearity of the k value 
with temperature provides an accurate normalized time shift correlation to differential 
temperature as long as physical motion can be compensated [5]. 
2.2  Materials and Methods 
2.2.1  Sample Preparation 
 Experiments were first performed using 50 mm by 50 mm by 100 mm tissue 
mimicking phantoms constructed from porcine gelatin.  Gelatin has high water content 
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which is representative of the RF/microwave electromagnetic energy losses in many 
tissues.  The gelatin phantoms were fabricated using 8% by weight aqueous solution of 
porcine gelatin (Sigma-Aldrich, USA).  This aqueous solution also contained 0.4% by 
weight 40 µm silica particles.  These particles behave as ultrasound scatterers; thus, 
enabling speckle tracking during ultrasound temperature imaging.  The aqueous gelatin 
solution was poured into an appropriate mold and was allowed to solidify in a 2˚C 
refrigerator for about 30 minutes.  Ex-vivo studies were performed using fresh porcine 
longissimus dorsi muscle and porcine fat.  The samples were 50 mm by 50 mm by 100 
mm and B-mode ultrasound images are shown in Figure 2.4 for gelatin, porcine muscle, 
and porcine fat.  
 
Figure 2.4:  B-mode images of 8% porcine gelatin (left), porcine longissimus dorsi muscle (center), and 
porcine fat (right).  The transducer is located at the at 0 mm of depth on the images.  Notice that the B-
mode image of porcine fat is highly attenuating. 
 
2.2.2  Experimental Setup 
 The experimental setup for the determination of the material dependent 
property, k, is shown in Figure 2.5.  This setup utilizes a Sonix RP imaging system 





























Porcine Longissimus Dorsi Muscle
































array transducer operating at a 5 MHz center frequency.  The reference temperature 
measurement was performed with a type-K thermocouple (Thermoworks, Alpine, UT).  
The sample was immersed in a temperature regulating water bath (Isotemp 3013H, 
Fisher Scientific, Pittsburg, PA). 
 
 
Figure 2.5:  Experimental setup for ultrasound time shifts versus temperature. 
 
 The sample temperature was increased from 15˚C to 25˚C with ultrasound 
frames captured every 0.5˚C.  The temperature distribution within each ultrasound 
frame was assumed to be spatially homogeneous.  A 10 mm by 10 mm region near the 
thermocouple was used to determine the normalized time shift.  The speckle pattern 
from each successive ultrasound frame was correlated to the first acquired frame 
temporally.  The spatial gradients of the time shifts were then computed.  These 






 Due to the ~30°C melting point of the aqueous 8% porcine gelatin by weight, 
the ultrasound B-mode imaging frames were acquired between 15°C and 25°C for the 
gelatin, porcine muscle, and porcine fat.  In addition, regions within the images were 
selected with the highest correlation.  Figures 2.6 through 2.8 depict the apparent time 
shifts versus depth for temperatures between 15°C and 25°C. 
 
Figure 2.6:  Apparent time shifts for 8% gelatin with red arrow indicating increase in differential 
temperature.  The temperature was increased from 15˚C to 25˚C in 0.5˚C increments. 
 






























Figure 2.7:  Apparent time shifts for porcine longissimus dorsi muscle with red arrow indicating increase 
in differential temperature.  The temperature was increased from 15˚C to 25˚C in 0.5˚C increments.  
Notice that the movement distance decreases with temperature in gelatin and porcine muscle. 
 
Figure 2.8:  Apparent time shifts for porcine fat with red arrow indicating increase in differential 
temperature.  The temperature was increased from 15˚C to 25˚C in 0.5˚C increments.   Notice that the 
movement distance increases with temperature unlike the gelatin and porcine muscle. 
 



























Porcine Longissimus Dorsi Muscle































Notice that the apparent time shifts (y-axis) increase with axial distance due to the 
accumulation of shift, as shown in equation (1.26).  The dependence on depth was 
removed by taking the spatial gradient (spatial normalization).  Final correlation of the 
time shifts utilizes a medium dependent property, k, to characterize the trend of the 
differential temperature versus different normalized time shifts.  The k value is the slope 
of a least squares regression line with a forced intercept value of zero of the normalized 
time shift versus temperature, as shown in the Figures 2.9-2.11. 
 
 
Figure 2.9:  Differential temperature versus apparent time shift.  Circles are the values of the normalized 





Figure 2.10:  Differential temperature versus apparent time shift.  Circles are the values of the normalized 
time shifts; red line is regression line; k value is -44.1. 
 
 
Figure 2.11:  Differential temperature versus apparent time shift.  Circles are the values of the normalized 




2.4  Discussion 
 The gelatin phantom represents the ideal case because the medium is 
homogeneous with respect to the speed of sound.  This is illustrated in the smooth lines 
presented in Figure 2.6.  Porcine muscle is a more realistic case in that the medium is 
heterogeneous.  Muscles contain some fat deposits, connective tissues, and vessels.  
Therefore, k values are no longer tissue type-specific, but tissue-location specific.  The 
heterogeneity of porcine muscle is demonstrated in Figure 2.7 with the nonlinear 
apparent time shift lines. 
 The assumption that the differential temperature versus normalized time shifts 
curve is linear is somewhat inaccurate for tissues, as shown in Figure 2.12.  The 
increase in muscle tissue temperatures induces reversible collagen shrinkage.  Collagen 
shrinkage is thought to occur when hydrothermal agitation is sufficient to overcome the 
forces, chiefly hydrogen bonds, which hold together the polypeptide chains [8].  
Without the separating forces induced by hydrogen bonds, the polypeptide chains in 
collagen collapse.  Therefore, collagen shrinkage causes the physical shrinkage and an 
increase in the bulk modulus of tissues [9,10].  The physical shrinkage and increase in 
bulk modulus will cause increased apparent time shifts, which may not be linear, as 





Figure 2.12:  Differential temperature versus apparent time shift for porcine muscle.  Circles are the 
values of the normalized time shifts.  Temperatures were acquired between 16˚C and 41˚C. 
 
 Notice that the speed of sound in gelatin and porcine muscle increases with 
temperature (Figures 2.9 and 2.10).  On the other hand, the speed of sound in porcine fat 
decreases with increasing temperature (Figure 2.11).  This is primarily due to the trend 
of the bulk modulus, which is inversely proportional to the compressibility.  In gelatin 
and muscle, the compressibility decreases with increasing temperature because of 
protein collapse [8].  Fat molecules at low temperature are more susceptible to link via 
van der Waals interactions.  As the temperature increases, the van der Waals are 
weakened due to an increase in molecular kinetic energy, thus increasing the 
compressibility of fat.  Therefore, the inverse proportionality of the speed of sound with 
temperature is expected in porcine fat. 
 



















Porcine Longissimus Dorsi Muscle
44 
 
2.5  Summary 
 Correlation values of differential temperature to normalized time shifts were 
found for 8% gelatin by weight, porcine longissimus dorsi muscle, and porcine fat.  
Ultrasound images were gathered in 0.5˚C intervals for determination of the correlation 
values.  At certain temperature collagen shrinkage affects the curvature of the 
differential temperature versus normalized time shift curve for muscle.  Fats exhibit 
apparent time expansion with increasing temperature, whereas gelatin and muscle 
exhibit apparent time shrinkage.  By accounting for this curvature with realistic k value 
determinations, accurate differential temperature images can be acquired. 
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Chapter 3:  Microwave Absorbing Nanoparticles and Therapy 
3.1  Introduction 
RF/microwave cancer hyperthermia using nanoparticles has been under study as 
early as 1957.  Gilchrist et al. attempted to heat various tissue samples using the heat 
dissipated from 20 to 100 nm nanoparticles of maghemite (γ-Fe2O3) exposed to an 
alternating magnetic field of 1.2 MHz [1]. Although there was localized heating in the 
region of interest, biocompatibility and targeting problems of the nanoparticles and 
insufficient energy applicators placed constraints on the viability of their use in clinical 
applications.  Throughout the late 1970s and early 1980s immense amounts of cancer 
research efforts were devoted to RF/microwave hyperthermia.  Technological advances 
here enabled for electromagnetic power deliver to deep lying structures; however, 
nanoparticle targeting was still an issue.  Current advances in surface modification of 
nanoparticles have enabled targeting of several cancer types [2-4].  To date, 
investigators have utilized stablilzed nanoparticles for radiofrequency therapy at 
frequencies of 100 kHz, 150 kHz, and 13.56 MHz [5-15]. 
One method to induce hyperthermia with nanoparticles is to capacitively couple 
the nanoparticle to an alternating electric field. This is most commonly accomplished 
with parallel plate transceivers.  An alternating voltage potential is placed across the 
plates with the region of interest is placed between the plates.  A system that several 
investigators use is the one proposed by John Kanzius [16-20].  This system delivers a 
13.56 MHz alternating voltage potential across a region of interest.  This system has 
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been shown to be effective with gold nanospheres and carbon nanotubes.  Several 
investigator claims that the primary mechanism responsible for heating is joule heating 
of the nanoparticle [6-7].  However, the particles induce Joule heating of the tissue 
directly around the particle due to ‗focusing‘ of the electromagnetic field, as shown in 
Section 1.5.1 of Chapter 1. 
The other method to induce hyperthermia with nanoparticles is with an 
alternating magnetic field.  Alternating magnetic fields are usually accomplished by 
placing objects within an inductive coil; however, the field is concentrated close to the 
coil which is usually away from the region of interest.  A system that is used by 
Magforce (Berlin, Germany) utilizes a magnetic circuit, as shown in Figure 3.1.  The 
current carrying wire induces a magnetic flux, Φ, in the magnetic conductor.  Because it 
is a series magnetic circuit, the magnetic flux in the magnetic material is equal to the 
magnetic flux in the gap.  Within this gap is where the tissue is placed.  The 
nanoparticle behavior in an alternating magnetic field is clearly described in Section 




Figure 3.1:  Magnetic circuit with gap for therapeutic delivery; I is the alternating current and Φ is the 
magnetic flux [8]. 
 
 One method that has not been explored in conjunction with nanoparticles is high 
radio frequencies, or microwaves.  A major advantage of using microwaves is the 
ability to make compact applicators.  Another advantage is the ability to quickly deposit 
energy in the nanoparticles.  Microwave ablation has been utilized in the clinical setting 
with hepatic lesions, as well as in the prostate [21,22].  Since microwave emission is 
electric field dominant, the dominant mode of heating is joule heating from eddy 
currents that develop in the conducting particles.  The eddy current layer becomes 
smaller with increasing frequency because of the skin effect, given by: 
 𝛿 =  
1
𝜋𝑓𝜍 |𝜇 ∗|
,       (3.1) 
where 𝛿 is the skin depth, 𝜍 is the electrical conductivity of the particle, 𝑓 is the 
frequency of the source, and |𝜇∗| is the absolute magnetic permeability.  Joule heating is 




 ,       (3.2) 
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where 𝑙 is the length and 𝐴 is the cross-sectional area of the conductor.  Therefore, the 
resistance increases with frequency due to a decrease in cross-sectional area due to the 
skin effect, thus an increase in Joule heating. 
 This chapter details experimental outcomes of using microwaves at 2.45 GHz in 
conjunction with microwave absorbing nanoparticles.  First, several nanoparticles were 
acquired to determine the relative absorption of energy.  Secondly, differential 
temperature maps were calculated for ex-vivo porcine tissues with nanoparticle 
inclusions.  The results give evidence for clinical viability of microwave hyperthermia 
for superficial treatment. 
3.2  Materials and Methods 
3.2.1  Nanoparticle Selection 
 Experiments were performed using 8 cm by 8 cm by 2 cm blocks of polyvinyl 
alcohol (PVA) with 7 cylindrical holes for PVA/nanoparticle mixtures.  These blocks 
were constructed by mixing 8% PVA (Celanese Celvol 165SF, Dallas, TX) by weight 
with water.  The mixture was then poured into a mold followed by freezing the mixture 
for 12 hours at ~ -5°C then thawed at ~ 20°C for 12 hours [23].  The freeze-thaw cycle 
was repeated for another 3 cycles.  PVA was selected because ease of manufacture with 
minimal entrained air.  In addition, PVA has low thermal conductivity, thus allowing 
for minimal thermal diffusion. 
 Six nanoparticle types were selected because of their behavior in response to 
electromagnetic fields.  Gold and silver nanoparticles were selected because of their 
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high electrical conductivity.  Graphite was selected because of the successful heating 
with carbon nanotubes at 13.56 MHz [7].  Cobalt and iron-oxide were selected because 
of their high magnetization.  The final nanoparticle list included:  20 nm thick nanoshell 
over a 20 nm maghemite (γ-Fe2O3) core [24], densely packed silver nanocages over a 
520 nm silica core [25], loosely packed silver nanocages over a 520 nm silica core [25], 
20 nm maghemite (γ-Fe2O3) nanospheres [24], 20 nm carbon coated cobalt (Nanoamor, 
Houston, TX), and 1-100 µm graphite flakes (Dixon, Asbury, NJ).  The seventh hole 
was left void to display the ―edge effect heating‖ caused by incident electromagnetic 
energy entering multiple surfaces.  The nanoparticles were mixed with 8% PVA by 
weight with water.  The concentration of the nanoparticles was 74.9 µg per milliliter of 
aqueous PVA.  The phantom then experienced two freeze-thaw cycles, as described 
above.  The final configuration of the PVA block is shown in the following figure. 
 






3.2.1.1  Experimental Setup 
 This experiment utilizes a 90° corner reflecting microwave antenna emitting a 
2.45 GHz 100 W microwave placed 3 cm from the surface of the PVA block for 10 
minutes.  After exposure, an Inframetric Model 525 infrared scanning radiometer 
(Inframetrics, Bedford, MA) captured the thermal map of the PVA block surface.  The 
configuration of the thermal image is shown in Figure 3.3 
 
Figure 3.3:  Configuration of PVA block for microwave energy to heat conversion with black bodies to 
calibrate thermal map. 
 
The black bodies were set at 23.4˚C, 42.1˚C, and 50.0˚C.  These temperatures were used 
in the thermal image to correlate the captured infrared intensity with temperature. 
 The correlation of temperature to emission power is given by Planck‘s law of 
black body radiation: 





,      (3.3) 
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where 𝑊𝑏  is the surface monochromatic emissive power, 𝑕 is Planck‘s constant 
(6.627𝑥10−34𝐽𝑠), 𝑐 is the speed of light, 𝜆 is the wavelength, and 𝑘𝑏  is the Boltzmann 
constant (1.381𝑥10−23𝐽/𝐾).  Notice that this relationship accounts for only 
monochromatic emissions.  Since the Inframetrics Model 525 operates in the 8 to 12 µm 
band, the following relationship must be used [26]: 
 𝐸𝑏 𝑇 =  𝑊𝑏 𝜆,𝑇 𝑑𝜆
𝜆2
𝜆1
.      (3.4) 
These relationships accounts for ideal black bodies; however, PVA, and tissues, are 
gray bodies.  Gray bodies can be accounted for by a property called ―emissivity‖ which 
is the effective radiation efficiency.  The following relationship accounts for the loss of 
efficiency assuming uniform temperature within the region of interest. 
 𝐸𝑏 𝑇𝑟𝑜𝑖  =
𝐸𝑏  𝑇 − 1−  𝐸𝑏  𝑇𝑎𝑚𝑏  .     (3.5) 
where 𝑇𝑟𝑜𝑖  is the temperature at the region of interest, 𝑇𝑎𝑚𝑏  is the ambient temperature, 
and  is the emissivity (assumed to be 0.95 for PVA). 
 The thermal map was computed by finding calibrating the image intensity from 
the black bodies.  This was done by inserting the black body temperatures into equation 
(3.4).  Then appropriate scaling of the image intensity was performed.  Equation (3.5) 
was used to calculate the temperatures across the surface of the PVA block. 
3.2.2  Ex-vivo Studies 
 Experiments were performed with excised longissimus dorsi porcine tissue.  
Injections of a mixture of 0.1 ml of 20-50 nm magnetite with 100 ml of water was 
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distributed within a small portion of the porcine tissue.  The configuration of this 
injection is shown in Figure 3.4. 
 
Figure 3.4:  B-mode image of the porcine longissimus dorsi muscle after nanoparticle inoculation with 
the white circle displaying area of innoculation. 
 
3.2.1.1  Experimental Setup 
 This experiment involves heating the ex-vivo tissue with a 2.45 GHz microwave 
for 1 minute.  The microwave incident power was set to 130 W.  The thermal map was 
gathered through ultrasound thermal imaging.  The ultrasound frames were captured 
using the Sonix RP imaging system (Ultrasonix Medical Corporation, Burnaby, 
Canada) equipped with a 128 element linear array transducer operating at a 5 MHz 
center frequency.  The frames were captured every 10 seconds during the microwave 



















time shifts with the material dependent property, k, found in chapter 3 for porcine 
muscle.  The experimental setup is shown in Figure 3.5. 
 
Figure 3.5:  Microwave hyperthermia system with ultrasound temperature monitoring system. 
 
3.3  Results 
3.3.1  Nanoparticle Selection 
 The initial image from the infrared radiometer is shown in Figure 3.6.  The 
blackbody to the upper right corner is 24.1°C and the intensity value acquired from the 
thermal radiometer was ~85. 
 
Figure 3.6:  Thermal image of PVA block with 6 different nanoparticles with black bodies to calibrate 











































Using equations (3.3) and (3.4), the intensity power should be ~115.  Therefore, scaling 
the image was necessary to attain an accurate thermal image.  After scaling the image 
intensities to emission powers and accounting for a 0.95 emissivity, the following 
temperature map was generated: 
 
Figure 3.7:  Temperature profile of PVA block after 10 minute microwave exposure at 100W. 
 
As displayed in Figure 3.7, the maghemite had more energy release in the form of heat.  
The temperature distribution across a line, as shown in Figure 3.8, demonstrates a large 
differential temperature of the maghemite region. 
 
 


































































Figure 3.8:  Temperature distribution from cross-section illustrated in Figure 3.7. 
 
Also notice the high differential temperatures focused on the edges of the phantom.  
This was due to the microwaves penetrating multiple surfaces; thus, causing a large 
volumetric power distribution within these regions.  Therefore, more dielectric heating 
occurs within the PVA around the edges and corners. 
3.3.2  Ex-vivo Studies 
 The ultrasound image of the ex-vivo porcine longissimus dorsi muscle is 
presented in the upper left of Figure 3.9.  The thermal images of the tissue recorded 
during 10, 20, 30, 40, and 50 seconds of 2.45 GHz microwave irradiation at 100 W are 
shown in Figure 3.9. 







































Time = 10 s
 
 


















Figure 3.9:  Ultrasound temperature images of porcine longissimus dorsi muscle tissue with nanoparticle 
inoculation.  Images acquired at 10 s, 20 s, 30 s, 40 s, and 50 s. 
 
 The area with magnetite nanoparticle inoculations is shown by the white circle 
overlaying the grayscale B-mode ultrasound image.  Data obtained from the water bath 
experiments, Figure 2.10, were used to convert the normalized time shifts from the 
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temperature of the tissue was 15˚C.  The thermal maps in Figure 3.9 show a progressive 
increase in temperature with irradiation time.  The images were scaled so that the tissue 
surrounding the inoculation site had a differential temperature of ~0˚C.  A curve 
showing the average differential temperature versus time for a 1 mm by 1 mm area 
within the magnetite inoculation is shown in Figure 3.10. 
 
Figure 3.10:  Differential temperature of a 1 mm by 1 mm region (shown in red on left) versus treatment 
time. 
 
3.4  Discussion 
 Due to the nature of the microwave emission, the radiated power is electric field 
dominated; therefore, the majority of heating is electric field heating.  Since the 
nanoparticle selection experiment maintained approximately the same heat capacity, 
volume, and electric field, the number of particles played the deciding factor of heating.  
This is due to the fact that the gold and silver particles should produce more heat 
because they have larger electrical conductivities and should have more concentrated 
electric fields directly around the particles.  In addition, the effective particle volumes 


































much higher density of gold (19.3 g/cc) in comparison to maghemite (4.9 g/cc) and the 
size of the silver nanocages, the number of particles was far less because the 
standardization of the nanoparticles in the inclusions to weight.  The phantom and ex-
vivo studies were carried out by iron-oxide; however, experiments that standardize the 
particles by number or volume should be explored.  Magnetite is very similar in 
electrical and physical properties to maghemite, and has the added benefit of being FDA 
approved.  Thus, ex-vivo studies were conducted using magnetite since there was 
availability at 20 nm. 
 As shown in Figure 3.9, a small area outside the inoculation region displays a 
temperature increase.  This is an artifact due to low imaging signal in that region.  The 
lack of signal leads to inaccurate speckle tracking, thus inaccurate time shift 
calculations.  This can be compensated by masking the ultrasound thermal maps in 
areas with low ultrasound speckle.  Other miscalculations of temperature arise from 
tissue inhomogeneity in the porcine longissimus dorsi muscle due to numerous fat 
deposits.  This is due to the difference in the k value for porcine fat.  However, Figure 
3.9 doesn‘t display any significant temperature inaccuracies from heterogeneity of the 
tissue. 
3.5  Summary 
 Results of this chapter suggest that 20 nm magnetite is a good absorber of 2.45 
GHz microwave energy.  Targeting these nanoparticles can lead to noninvasively 
inducing large differential temperature within a selected tissue.  Higher concentrations 
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of gold and silver nanoparticles should be considered because of their high electrical 
conductivity.  Porcine longissimus dorsi muscle heterogeneity didn‘t affect the 
ultrasound temperature image; however, insufficient signal due to a lack of ultrasound 
scatterers induced artifacts in the temperature images.  Overall, microwave absorbing 
nanoparticles increase the efficiency in microwave hyperthermia of selected tissues. 
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Chapter 4:  Conclusions 
4.1  Motivation 
 RF/microwave hyperthermia guided by targeted nanoabsorbers is an efficient 
alternative to traditional cancer treatments.  Electromagnetic energy, usually between 
100 kHz and 10 GHz, is transmitted to the body where nanoparticles (NPs) transform 
the radiated energy into heat [1-11].  Selectively targeted NPs increase the energy 
absorption of the selected regions when exposed to microwave energy.  Therefore, 
efficient heating can be achieved in a localized region making RF/microwave 
hyperthermia with targeted nanoabsorbers region specific as well as noninvasive. 
 Ultrasound imaging has been used to identify cancerous tissue anatomy and 
physiology [12,13].  In addition, ultrasound imaging can be used for treatment 
monitoring of temperature by tracking the thermally-induced motion of speckle in 
successive frames [14-17]. This temperature monitoring modality is relative 
inexpensive, noninvasive, and can acquire temperatures of deep tissue structures. 
   At microwave frequencies, the electromagnetic radiation does not interfere 
with ultrasound imaging.  The combination of targeted microwave nanoabsorbers, 
microwave emission, and ultrasound temperature monitoring can provide an effective 
hyperthermia treatment.  Therefore, the overall goal of this thesis is to demonstrate the 
ability of nanoparticles to transform microwave energy into heat for hyperthermia 




4.2  Summary 
 Initially, correlations between differential temperatures and normalized time 
shifts for gelatin and porcine tissues were found (Chapter 2).  Studies were performed 
on aqueous 8% porcine gelatin by weight, porcine longissimus dorsi muscle, and 
porcine fat.  The test samples were heated between 15˚C and 25˚C in a water bath to 
assure even temperature distribution within the samples.  Ultrasound images were 
acquired every 0.5˚C and the apparent time shifts in the RF signals were measured.  
Spatial gradients were calculated from the apparent time shifts and correlated with 
differential temperature. 
 Determination of microwave energy nanoabsorbers were conducted (Chapter 3) 
using infrared emissions as the measure of absorption.  Six different nanoparticles were 
selected and subjected to a 10 minute exposure of 2.45 GHz microwave irradiation.  
Maghemite proved to be the best converter of microwave energy to heat, due to its size 
and electrical conductivity.  An ex-vivo experiment with porcine longissimus dorsi 
muscle tissue was carried out with 20 nm magnetite.  Temperature was monitored using 
ultrasound speckle motion tracking during a one minute microwave treatment.  Results 







4.3  Limitations 
4.3.1  Ultrasound Temperature Monitoring 
 Due to the nature of tracking the ultrasound speckle, motion within the 
ultrasound frame not induced by the temperature dependency of the speed of sound may 
cause artifacts in temperature.  In the clinical setting, tissue motion will occur due to 
respiration and cardiac cycles.  Since thermal time shifts are on the order of 0.1 mm for 
5˚C changes in temperature, respiration and cardiac cycle motion will cause incorrect 
readings.  MR thermal imaging also has motion artifact from patient motion [18,19].  
Temperature motion artifacts in ultrasound temperature monitoring can be reduced by 
triggering the ultrasound image acquisition based on physiological signals. 
4.3.2  Microwave Hyperthermia using Microwave Nanoabsorbers 
 Electromagnetic energy propagating through tissue in the microwave band has 
high energy attenuation, as shown in Figure 1.1.  This fundamental problem has plagued 
microwave hyperthermia scientists.  Since many cancers lie deep within the body, 
microwave hyperthermia is usually an invasive technique.  Attenuation of 
electromagnetic energy can be reduced within the body by lowering the frequency.  
Coupling to nanoparticles that absorb energy at lower frequencies can combat deep 
lying cancers. 
4.4  Future Directions 
 RF energy at 100 kHz, 150 kHz, and 13.56 kHz in conjunction with 
nanoparticles has been shown to effectively increase differential temperatures in tissues 
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[1-11].  Most investigators utilize a pair of transceivers placed on opposing sides of the 
targeted tissue region.  This places tissues between the transceivers in series.  Therefore, 
much of the energy can be absorbed in surface structures, such as fat.  RF applicators, 
such as inductive coil, place the tissue structures in parallel and can allow for more 
heating in the nanoparticle targeted region because of a reduction in conductivity.  
Pancake coils can project the electromagnetic field at low radio frequencies; thus, 
allowing for more localized treatments. 
 Although nanoparticles have been shown to be effective with RF and microwave 
absorption, absorption spectra for particle types and sizes have not been characterized.  
The electromagnetic absorption spectra for nanoparticles define the therapeutic 
efficiency for this modality.  In addition, knowledge of the size dependence on 
frequency for particular nanoparticle types can prove useful in a nanoparticle design for 
therapy. 
 Another area that can be explored utilizes the thermoacoustic response from 
pulsed RF/microwave energy.  This response is acquired with an ultrasound transducer 
and then translated into a spatially resolved image.  Microwave thermoacoustic 
imaging, much like photoacoustic imaging, is an acoustic pulse amplitude imaging 
modality [18-21].  For deep lying structures, combining continuous wave RF with 
pulsed RF emissions can therapeutically treat cancers and monitor temperature.  Since 
thermoacoustic imaging relies on amplitude, instead of speckle location, motion 
artifacts do not affect the image when the image is combined with normal ultrasound 
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imaging.  Thermoacoustic imaging can also detect RF absorbing nanoparticles; thus, 
can aid in pre-therapy treatment planning. 
4.5  Concluding Remarks 
 A combined microwave emitter, microwave absorbing nanoparticles, and 
ultrasound temperature monitoring system was described to effectively induce 
therapeutic hyperthermia.  In this study, effective microwave nanoabsorbers were 
determined from several nanoparticle types by monitoring their energy conversion to 
heat with an infrared thermal camera.  The microwave nanoabsorber was then tested in 
an ex-vivo longissimus dorsi porcine muscle sample.  Thermal images from ultrasound 
speckle tracking revealed differential temperatures between nanoabsorber inclusions 
and surrounding medium. 
 Further studies of RF/microwave nanoabsorber absorption spectra are needed.  
Applicator designs that involve projecting the electromagnetic field into the body to 
minimize equipment size and patient discomfort should be explored.  In addition, 
thermoacoustic or photoacoustic ultrasound imaging needs to be explored to better 
guide and monitor therapy.  Overall, electromagnetic nanoabsorbers have proven to 
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